The level of an immunological response to a T-dependent antigen is determined by a series of interactions among different subpopulations of effector and regulatory T lymphocytes (1, 2). The nature of the signals that mediate these communications is still being investigated. Previous studies have revealed that genes in the major histocompatibility complex play an essential role in some of these interactions (3, 4) . Recent experiments have provided evidence indicating that genes linked to the Igh-1 allotype locus may also govern the interactions among certain T cell subsets (5, 6) , in accordance with the operation of a T cell network of idiotype and anti-idiotype interactions as proposed by Jerne (7) . According to this hypothesis, both antigens and their immune receptors (idiotype) were considered capable of modulating immune responses.
To investigate further the secondary aspect of the immune network activated by receptor-or idiotype-stimulated events, we have injected anti-p-azobenzenearsonate (ABA) 1 antibodies bearing cross-reactive idiotypic (CRI) determinants, coupled to normal spleen cells (SC) in an attempt to modulate ABA-specific delayed-type hypersensitivity (DTH) (8) . The administration of idiotypic determinants presented to a naive animal on spleen cells was meant to mimic the rapid appearance of antigen binding cells in vivo. It was found that the injection of anti-ABA antibodies, coupled covalently to normal syngeneic spleen cells, into normal animals, suppresses ABAspecific DTH and also suppresses the major idiotypic component of a humoral anti-ABA response (9) upon subsequent immunization. Moreover, adoptive transfer experiments provided evidence that this unresponsiveness was mediated, at least in part, * Supported by grants AL 16396-01, AI-14732, AI-12907, AI-12895, and Cancer Research Institute, Inc., New York.
by suppressor T cells. Furthermore, genetic analysis revealed that the ability of CRIcoupled spleen cells (CRI-SC) to inhibit ABA-specific DTH was linked to Igh-1 heavy chain allotype. BALB/c (H-2 d, Igh-1 a) animals that do not produce CRI+ anti-ABA antibodies were insensitive to suppression induced by CRI-SC. In contrast, CRI-SC suppressed ABA-DTH in CAL-20 (H-2 d, Igh-1 d) mice, which possess the heavy chain allotype of the AL/N strain on a BALB/c background and produce anti-ABA antibodies bearing the CRI.
This restriction in the ability to respond to CRI-SC was postulated to reflect one of two possibilities. (a) The receptor repertoire of cells operative in the idiotypic network may be genetically restricted to self idiotypes so that only those mice which express CRI+ receptors at either the T or B cell level can recognize these elements. Accordingly, the receptor for these idiotypic structures (i.e. anti-idiotype) would also appear to be genetically linked to the Igh-I locus and BALB/c mice which do not possess CRI would be unable to generate a discernible anti-idiotypic (anti-CRI) reaction at the T cell level; or (b) Restriction with respect to anti-idiotypic receptors does not exist. In this case BALB/c mice would be expected to respond to CRI-SC because the CRI+ element is antigenic. The suppressor T cell (Ts) so generated, however, would only be able to suppress immune T cells which use this CRI element as a component for their receptor. Because CRI is not expressed in BALB/c animals, suppression will never be observed in the absence of a suitable target.
In this paper, we will provide evidence indicating that the second interpretation is correct. Intravenous injection of CRI-SC into mice unable to express the appropriate Via genes which code for the CRI indeed induces anti-idiotypic Ts in these animals. These Ts can only be functionally demonstrated upon transfer to animals with the capacity to express CRI. The significance of these findings will be discussed in terms of a modified network theory of regulation of the immune response.
Materials and Methods
Mice. Female BALB/c (H-2 d, Igh-1 a) and B10.D2 (H-2 d, Igh-l~ mice were obtained from The Jackson Laboratory, Bar Harbor, Maine. C.AL-20 (H-2 d, Igh-1 'l) mice were obtained from the breeding colonies maintained at Brandeis University, Waltham, Mass., from stock originally provided by Dr. Michael Potter of the National Institutes of Health.
Preparation of Antigen and Antigen-coupled Cells. These methods have been described in detail elsewhere (10) . Briefly, a 40 mM solution of ABA diazonium salt was prepared from arsanilic acid (Eastman Kodak Co., Rochester, N. Y.). The ABA solution was activated as previously described and conjugated to single cell suspensions of erythrocyte-free splenocytes at a final concentration of 10 mM ABA. After washing in Hanks' balanced salt solution (HBSS), the ABA-SC were used to induce DTH. Preparation of Idiotype-coupled Cells. The method used for coupling anti-ABA antibodies to spleen cells is a modification of the method of Miller et al. (11) . Briefly, a single cell suspension of normal spleen cells was prepared in HBSS. Erythrocytes were lysed by treatment with isotonic Tris-buffered ammonium chloride (pH 7.6). The spleen cells were then washed three times in HBSS and once in 0.8% NaC1.4-5 × l0 s washed spleen cells were pelleted into a 17 × 100-mm Falcon plastic tube (Falcon Labware, Div. of Becton, Dickinson & Co., Oxnard, Calif.) and were resuspended in 1 ml ofa 1-mg/ml solution of CRI+ affinity-purified (12) anti-ABA antibodies from A/J mice. The cells and the antibody solution were transferred to a small glass scintillation vial (15 X 60 mm) and 25 mg of crystalline 1-ethyl-3(3'-dimethylaminopropyl) carbodiimide (Pierce Chemical Co., Rockford, Ill.)was dissolved in the coupling solution. The reaction was allowed to proceed for 90 min at 4°C, with gentle stirring. (The coupling efficiency as determined by radiolabeled CRI was ~5-10%.) The CRI-SC were washed twice in HBSS and adjusted to a concentration of 108/ml, and then 0.5 ml of the suspension was injected intravenously into appropriate recipients.
Transfer of Ts Induced with CRI-SC. 7 d after tolerization with CRI-SC, the animals were sacrificed, their spleens were removed, and single cell suspensions were then prepared as described (8) . These cells were washed twice in HBSS and adjusted to a concentration of l0 s cells/ml, and 0.5 ml as injected intravenously into naive recipients.
Antiserum Treatment. Anti-Thy 1.2 hybridoma antibodies were kindly provided by Dr. P. Lake, University College, London. Briefly, 1 X l0 s cells were incubated with 1 ml of 1:20 dilution of anti-Thy 1.2 hybridoma antibodies for 45 min at 0°C, washed once in HBSS, and then incubated again with 1 ml of a 1:10 dilution of Low Tox rabbit complement (Cedarlane, London, Ontario) for 30 min at 37°C. The cells were then washed twice in HBSS and resuspended and adjusted to 108 viable cells/ml, and then 0.5 ml of the suspension was injected intravenously into appropriate recipients.
Purification of Ts on Idiotype-coated
Plates. B cells were removed from a single cell suspension of spleen cells by a modification of the method described by Mage et al. (13) . 4 ml of rabbit anti-mouse immunoglobulin (RAMIg) prepared as described (14) was added at a concentration of 0.7-1.0 mg/ml in phosphate-buffered saline (PBS), and was added to 100 X 15-mm polystyrene petri dishes (Falcon Labware) for 1 h at room temperature. Plates were washed extensively with PBS, pH 7.2, and then incubated for 20 min with 4 ml PBS with 5% fetal calf serum (PBS-5) before addition of spleen cells. After removal of PBS-5, 60-75 × 106 spleen cells depleted of erythrocytes by incubation with 0.83% (Tris) NH4C1 were added to each plate in a 5-ml volume of PBS-5. After 30 min at 4°C, the plates were gently rocked, and after a 1-h incubation, nonadherent cells were removed by gently swirling and washing the plates with PBS-5. These nonadherent populations contained -5-8% surface immunoglobulin-bearing cells as judged by immunofluorescence using fluorescenated-RAMIg. A/J anti-ABA antibodies, >30% of which were CRI, were prepared and purified as described (9, 12) . CRI-or normal A/J immunoglobulin (NMG)-coated dishes were prepared according to a modification of the method of Abbas et al. (15) . Briefly, 4 ml of purified CRI+ anti-ABA antibodies or NMG (0.5-1.0 mg/mi in PBS) as incubated on 100 X 15-mm polystyrene petri dishes for 2-3 h at room temperature. After removal of the immunoglobulin solutions, the plates were washed with PBS, incubated 20-30 min with PBS-5, and washed extensively with PBS before addition ofT cells. 60-65 × 106 plate-purified T cells were added to NMG-or idiotype-coated plates in a 5-ml total volume PBS-5. After incubating for 1 h at 20°C, nonadherent cells were removed from NMG-or CRI-coated plates with two cycles of swirling and washing with warm (20°C) PBS-5. Then, 5 ml of chilled PBS-5 was added to all plates, which were then placed at 4°C for an additional 30 rain. The adherent cells were suspended by vigorous pipetting. After two additional washes with chilled PBS-5 with vigorous pipetting, the adherent cells were pooled, spun at 200 g for 10 min, resuspended in PBS-5, and then counted. The cells were aliquoted into groups, washed twice with chilled HBSS, and brought to the appropriate volume before transfer. These separation procedures routinely y!elded a number ofT cells equal to 35-50% of the original spleen cell population added to the RAMIg plates; cells adherent to CRI-or NMG-coated dishes comprised 5-15% of the applied T cell population or -2-7% of the initial spleen cell population.
Statistical Analysis. Analysis of the significance of differences between the experimental and control groups was performed with the Wang programmable computer. The means and standard error of the mean are given, as well as the relevant P value obtained with the twotailed Student's t test.
Results

CRLSC Induces Suppressor Cells in BALB/c Mice Whose Activity Can be Demonstrated in CRI+ C.AL-20 Mice but Not in CRI-BIO.D2 Recipients.
Our previous studies had indicated that CRI-SC, when injected intravenously into normal BALB/c mice, did not interfere with the development of ABA-specific DTH in this strain (8) . To investigate whether undetected suppressor cells had nevertheless been induced in these mice, we explored the question of whether spleen cells taken from CRI-SCtreated BALB/c mice could transfer suppression for ABA-specific DTH to H-2 syngeneic but allotype-distinct C.AL-20 and B 10.D2 mice.
The results of one such experiment are shown in To further investigate that the ability to express CRI+ receptors is a prerequisite for the demonstration of CRI-SC-induced suppressor cells, we determined whether suppressor T cells induced in C.AL-20 mice can transfer ABA-speeific suppression to H-2 congenic BALB/c mice.
The results of a representative experiment are depicted in Fig. 2 . Spleen cells from C.AL-20 mice inoculated with CRI-SC inhibited the development of ABA-specific DTH in syngeneic C.AL-20 mice. However, the same number of spleen cells failed to transfer any significant degree of suppression to BALB/c mice. Thus, the ability to express CR! on ABA-specific antibody and also on T cells with anti-ABA receptors is a prerequisite for the expression of these suppressor T cells. 
Suppressor Cells Induced with CRI-SC in BALB/c Mice Are Sensitive to In Vitro Treatment with Anti-Thy Serum and Complement. Previously we reported that CRI-SC could induce suppressor cells in A/J animals (8)
.
Suppressor Cells Induced in BALB/c Mice Are Anti-Idiotypic and Bind to ldiotype-coated
Plates. Both idiotypic and anti-idiotypic Ts have been found in the regulation of ABA-specific DTH (16) . Therefore, the specificity of the suppressor T cells induced by CRI-SC in BALB/c mice for CRI determinants was investigated. BALB/c mice were tolerized with CRI-BALB/c cells and their spleens removed 7 d later. Single cell suspension of spleen cells were allowed to adhere to dishes to which a polyvalent rabbit anti-mouse immunoglobulin was attached. The nonadherent cells comprising predominantly of T cells were then tested directly for suppression or alternatively subjected to further tests of adherence to CRI or to NMG-coated plates. The adherent or nonadherent cells from such plates were then evaluated for their ability to suppress the development of ABA-specific DTH in C.AL-20 mice. As can be seen in Table I the Ts cells from BALB/c mice responsible for the observed suppression adhered selectively to CRI-coated plates. Thus, Ts induced by CRI-SC are anti-idiotypic.
Discussion
The studies documented herein extend our earlier observation that idiotypic determinants coupled to cell surfaces are useful probes for the study of immunoregulatory events (8, 9, 17) . In this report we presented evidence that A/J CRI bearing anti-ABA antibodies, coupled to BALB/c cells, failed to induce ABA-specific immune unresponsiveness in normal BALB/c animals, but nevertheless induced anti-CRI suppressor T cells, whose activity could be demonstrated by transfer to appropriate CRI+ recipients.
The suppressor T cells generated in this manner in BALB/c mice were found to be functionally antigen specific, but perhaps most importantly, anti-idiotypic, because they were bound directly to CRI determinants used in the plate separation studies. Anti-idiotypic suppressor T cells have been reported in many different experimental systems. Owen et al. (18) observed that suppressor T cells specific for the CRI+ components of the anti-ABA antibody response bear anti-CRI receptors, and Bona et al. (19) reported the presence of anti-idotypic suppressor T cells specific for the MOPC 460 myeloma protein in normal animals. More recently, we have found that secondorder suppressor T cells (Ts-2) induced by intravenous administration of ABA-specific suppressor T cell factors (TsF-1) similarly bear anti-idiotypic receptors (16) . In addition, anti-idiotypic Ts has been reported in the regulation of DTH to 4-hydroxy-3-nitrophenyl acetyl (NP) by Weinberger and colleagues (20) . Anti-idiotypic, as well as idiotypic receptors have also been identified on T cell factors that can suppress the major idiotypic component of a humoral anti-ABA response (21) . Although anti-idiotypic Ts are readily induced by intravenous injection of CRI-SC in BALB/c mice, these Ts cannot exhibit their suppressive effect unless they are placed in an environment in which CRI is expressed, such as in C.AL-20 mice. Thus, idiotype:anti-idiotype interactions are required for the manifestation of ABA-specific suppression. This was further supported by the observation that Ts induced in C.AL-20 mice failed to suppress the development of ABA-specific DTH when transferred to BALB/c mice.
Furthermore, these studies demonstrate that the generation of anti-idiotypic Ts by CKI-SC is not in itself restricted by Igh-1 phenotype of the responding cells. The restriction we observed in an intact animal is actually a reflection of the role of Igh-1 gene products at a later stage in T cell-mediated suppression. Although some investigators have demonstrated that the activity of anti-idiotypic Ts may be modulated by anti-idiotypic antibody, the results presented in this study do not appear to reflect such antibody-mediated effects (19) .
It should be noted that other systems have similarly described suppressor T cell interactions that are limited by Igh linked genes. Eardley et al. (5) have reported that Ts generation with sheep erythrocytes in vitro requires a VH-restricted interaction between an Ly l+Qa 1+ inducer and Lyt 1+2+3+ Qa 1+ acceptor cells. However, it is impossible to distinguish whether the restriction observed in their experiments actually reflects the interaction between the Ly 1+ inducer and its Ly 1+2+3+ acceptor or the reaction of the effector suppressor with its target(s). The studies documented herein reveal that VH restriction which in some systems had been interpreted to reflect requirement of VH identity between two interacting sets may rather be the consequence of idiotypic anti-idiotypic restrictions imposed on the system by the inductive signal. More recently, interactions between T cell subsets limited by the Igh-V locus has also recently been reported in the regulation of DTH specific for NP by Weinberger and colleagues (6, 20) . Moreover, we have also demonstrated, that ABA-coupled spleen cells given intravenously induce CRI idiotype-bearing Ts in mice of the appropriate Igh-1 allotype. 2 Likewise, anti-idiotypic antisera when administered to naive mice by different routes could only induce immunity mediated by idiotype bearing T cells or induce suppression mediated by CRI+ Ts, in strains of the appropriate heavy chain allotype (22; and Unpublished results.).
The regulation of antibody specificities produced in response to an external stimulus could proceed from two basic mechanisms. In the first case, one could envisage that the expression of idiotype (CRI) and anti-idiotype (anti-CRI) would be genetically linked and totally interdependent. If this were the case, then we should have never observed the generation of anti-idiotypic Ts in BALB/c, because A/J major CRI components are not expressed in BALB/c mice. Secondly, it has been suggested that the immune system comprises an internal image set ofspecificities present on different receptors that cross-react with antigens (7). Thus, "determinants" on receptors against antigen "y" would fortuitously cross-react with antigen "x", and as a result, all antigenic specificities would be represented within the immune system. For example, in the BALB/c (or in B10.D2) mouse, CRI idiotypic determinants which cross-react with antigen "x" would simply expand some already existing anti-idiotypic set of cells, and induce what we have herein observed as anti-idiotypic Ts. The data in this study illustrate that the absence of certain VH genes poses no restriction on the ability of the immune system to develop anti-idiotype receptors against other VH sequences.
We conclude that the immunogenicity of CRI molecules itself expands the population of anti-idiotypic Ts, and can do so in any recipient strain because of the large repertoire of T cell specificities within the host. Summary A/J anti-p-azobenzenearsonate (ABA) antibodies bearing cross-reactive idiotypic (CRI) determinants, when coupled to spleen cells and then injected intravenously into naive animals, stimulate suppressor T cell (Ts) responses. Moreover, previous studies have demonstrated that the ability of such idiotype-coupled spleen cells to induce immune unresponsiveness to subsequent immunization with ABA-coupled spleen cells is linked to Igh-1 genes. Thus, CRI bearing antibodies from A/J mice, when conjugated to normal BALB/c spleen cells in vitro and then injected intravenously to syngeneic BALB/c mice, failed to induce tolerance in these animals. However, spleen cells taken from these animals transferred significant degrees of suppression to Igh-1 congenic C.AL-20 but not to H-2 congenic, Igh-1 distinct B10.D2 mice. Therefore, the failure of CRI-coupled spleen cells to induce suppressor cellmediated unresponsiveness in animals unable to express the appropriate VH genes (i.e. BALB/c and B10.D2) appears to be caused by the lack of idiotype-matched targets. The notion that the ability to express certain Vn genes in the recipient animal is a prerequisite for suppressor cell function was further supported by the observation that suppressor cells induced in C.AL-20 mice failed to transfer any degree of suppression to BALB/c mice. The ability to transfer suppression from BALB/c mice to C.AL-20 mice is a T cell-dependent phenomenon, since in vitro treatment with anti-Thy 1.2 antiserum and complement completely abrogated suppressor cell function. Furthermore, these suppressor T cells are antigen specific and can be enriched on idiotype-coated petri dishes, indicating they possess anti-idiotypic receptors. Therefore, appropriate anti-idiotype and idiotype interaction is essential for the manifestation of suppressor T cell function in ABA-specific suppressor pathways.
